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ABSTRACT: Starch plastic sheets were prepared by compression molding of starch-
based plastic granulates. The granulates were prepared by extrusion processing of
mixtures of granular potato starch and several maltodextrins (5% w/w) in the presence
of glycerol and water as plasticizers and lecithin as melt flow accelerator. The materials
were semicrystalline, containing B-type, Vh-type, and Eh-type crystallinity. The prop-
erties were dependent on water content. For the materials, a brittle-to-ductile transi-
tion occurred at a water content in the range of 11–12%, which was in accordance with
the observed glass transition temperature. The structural and mechanical properties
were a function of starch composition and maltodextrin source as well as molding
temperature. The amount of granular remnants and residual B-type crystallinity
decreased with increasing processing temperature. The amount of recrystallized single-
helical amylose increased with increasing temperature. At molding temperatures in the
range of 180–200°C, a sharp decrease in starch molecular mass occurred. The influence
of molding temperature was reflected in a sharp increase in elongation at molding
temperature above 160°C and a gradual decrease in elastic modulus. The tensile
strength showed an initial small increase up to 160°C and a sharp decrease at higher
molding temperatures. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 2207–2219, 1999
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INTRODUCTION

Over the past decades, several starch-based plas-
tic materials have been developed on the basis of
nonchemically modified starches and natural or
degradable additives such as water, glycerol, and
lecithin.1–4 The starch source is an important fac-
tor in the regulation of the properties of starch-
based plastics. The native or naturally occurring
granular starches differ mainly in amylose and
amylopectin content as well as molecular mass,
molecular mass distribution, and degree of

branching of both types of molecules.5–7 During
thermomechanical processing of starch plastics,
such as extrusion and injection molding, starch
molecular mass lowered because of the high tem-
perature and shear.8–12 Furthermore, some
starch-based plastics contain significant amounts
of several enzymatically treated starches, usually
referred to as maltodextrins. These starches con-
sist of a complex mixture of low molecular starch,
malto-oligosaccharides, and even glucose. The ef-
fects of the presence of maltodextrins on the pro-
cessing, structure, and properties of starch-based
plastics are still unclear. The purpose of this ar-
ticle is to obtain knowledge about the influence of
differences in molecular mass distribution and
the presence of malto-oligosaccharides on the
structure and property of fully biodegradable
compression-molded starch-based plastic sheets.
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Several investigators have presented a variety
of studies dealing with the relations between pro-
cessing, structure, and properties of starch-based
plastics.9–21 Direct relations are still not clear,
partly because of the complex nature of starch
plastic materials. Especially in the case of starch
blends, the role of starch structure is more diffi-
cult to discriminate.22–26 Therefore, several stud-
ies were focused on materials which contained
solely starches and additives, such as plasticizers
and melt flow accelerators, thermomechanically
processed at relatively low water contents (less than
30% w/w). In particular, the influence of the starch
source on the structure and properties of materials
in the rubbery state has been studied.9–12,19–21 Es-
pecially the amylose-amylopectin ratio of the vari-
ous sources is an important factor.11 An increase in
the amylose content of starch plastic sheets resulted
in stronger and stiffer materials with lower elonga-
tion. Furthermore, it has been shown that starch
molecular mass has a significant effect on the me-
chanical properties of starch plastics.12,21 It seemed
that rubbery materials composed of low molecular
mass starches prepared by acid hydrolysis have
lower elongations at break compared with native
starch. Until recently, most studies on fully starch-
based plastic materials were focussed on rubbery
materials and not on glassy materials.

As polymer-chemistry concepts were shown to
be applicable to starch-based plastics, the rubber-
to-glass transition, expressed as the glass tran-
sition temperature (Tg) of the materials deter-
mine also the properties.27–29 Various researchers
have studied the influence of water, polyols, and
oligosaccharides on the Tg of starch materi-
als.30–33 More recently, the Tgs of maltodextrins
as a model food system have been studied.34 Sev-
eral studies have shown that maltodextrin or
starch-hydrolysis products in general, exhibit an
antistaling effect and affect the mechanical prop-
erties (firmness) of starch gels and breads.35,36

However, in contrast with breads and gels,
starch plastics, destructurization or plasticization
of the granular starch is performed at relatively
high shear and temperatures, with limited
amounts of water but in the presence of other
plasticizers such as polyols, giving a macroscopi-
cally or even microscopically homogeneous mate-
rial.37 At low plasticizer contents, granular swell-
ing, granule disintegration,38–40 and starch chain
mobility is limited. Therefore, granular remnants
can still be present.19,20 Starch chain mobility,
dependent on water content during processing, is
thought to determine the formation of a complex

starch network. This network involves amylose
and amylopectin starch chain-chain interactions
and entanglements as well as various crystal
structures.20,41–44 The role of other processing pa-
rameters, such as temperature, shear and pres-
sure, and the effects of other differences in com-
position of the premix before plasticization, such
as starch source and additives, are still not well
understood.

In this study, starch-based plastic materials
were prepared at relatively low water contents
and without the addition of other polymeric ma-
terials such as polyesters. A series of maltodex-
trins (5% w/w) were mixed with granular potato
starch and processed by extrusion and subse-
quently by compression molding of the extruded
granulates at various temperatures. The amounts
of plasticizers, i.e., water and glycerol, and leci-
thin, added as a melt flow accelerator, were held
constant. The structural and mechanical proper-
ties of the plastic sheets were studied below and
at approximately the Tg after aging of the mate-
rials at various humidities. The starch structure
and morphology were assessed using X-ray dif-
fraction, size-exclusion chromatography coupled
with laser light scattering, and light microscopy.
The differences in stress-strain behavior of the
plastic sheets were related to the variations in
processing and aging conditions as well as starch
structure and morphology.

EXPERIMENTAL

Materials

L-a-lyso-phosphatidylcholine (LPC) from egg yolk
(L-4129) was purchased from Sigma (Zwijn-
drecht, The Netherlands). Glycerol was obtained
from Chemproha Chemicals Distributors (Dor-
drecht, The Netherlands). (NAT 6-2409; density
5 1.26 g/mL). Soy lecithin (Topcithin) was ob-
tained from Lucas Meyer (Zaandam, The Nether-
lands). Starches were obtained from Avebe (Fox-
hol, The Netherlands). Native potato starch (Fa-
rina), PN, contained 17% water (w/w). The other
starches were enzymatically modified amorphous
potato starches (usually referred to as maltodex-
trins or low molecular mass starches) and con-
tained 11% water (w/w). Some characteristics of
PN and these low molecular mass starches, re-
ferred to as maltodextrins (coded as MD2, MD6,
MD10, MD20, and MD30), are summarized in
Table I.
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Extrusion

Premixes were prepared by mixing 12.0 kg starch
[total mass on the basis of starch containing 17%
water, i.e., 10.0 kg (87.6%) dry starch and 2.0 kg
(14.6 %) water], 1.4 kg (10.2 %) glycerol (plasti-
cizer), and 0.3 kg (2.2 %) lecithin (melt flow accel-
erator) with a Bear Varimixer R40 during 20 min.
A series of premixes was prepared with variations
in starch composition. The starch consisted of
solely PN starch, coded PN1, or mixtures of 95%
(w/w) PN1 with 5% of maltodextrin. The materi-
als with the added maltodextrins MD2, MD6,
MD10, MD20, and MD30 were denoted as PN2,
PN6, PN10, PN20, and PN30, respectively. Extra
water was added to the maltodextrins to compen-
sate for the lower water contents (11%). The ra-
tios starch-to-water-to-glycerol-to-lecithin were
kept constant. The premixes were equilibrated in
closed bags at room temperature for 1 day before
extrusion processing.

The starch granulates were prepared by ex-
truding the premixes with an Extruco TSE 76
counter-rotating twin-screw extruder (length
5 1515 mm; diameter 5 84.2 mm). The screw
rotation speed was 30 rpm. The extruder was
operated at 10 A. The temperature profile along
the extruder barrel was 70, 120, 110, and 80°C
(from feed zone to die). The material melt temper-
ature at the die was 110–120°C. The die pressure
was 35–45 bar. The extruded strings were gran-
ulated with a RIGI granulator (type TPN/s 350/
24). The granulates were milled into powders
with particle sizes of less than 220 mm. The pow-
dered granulates were stored at room tempera-

ture and ambient relative humidity (RH) of ap-
proximately 50–60% for 1 week before compres-
sion molding. The water content was 17.6 6 0.4%
(w/w based on total mass).

Compression Molding

The extruded and powdered granulates were ap-
plied to a mold with inner dimensions of 100
3 150 3 2 mm (l 3 w 3 h). The outer dimensions
of the mold were 300 3 350 mm. The samples
were covered with an overhead plastic sheet foil
at both sides to facilitate mold release. The mold
was placed in a hydraulic PHI press (City of In-
dustry, City of Industry, CA). An initial pressure
of 4 tons was applied at room temperature. The
mold was then heated to 100°C at a rate of 10°C/
min. At 100°C, a pressure of 40 tons was applied.
Subsequently, the temperature was raised at
10°C/min to finally reach the end temperature
between 120 and 200°C. After this the mold was
cooled to room temperature at 10°C/min, and the
plastic sheets were released from the mold. The
water content directly after cooling was approxi-
mately 10–13% (w/w).

Storage Conditions (Conditioning)

The compression-molded sheets were cut into ten-
sile bars. The tensile bars were conditioned at
various RH between 30 and 90% for 14 days. All
samples were stored at room temperature.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) analy-
ses were performed with a Perkin-Elmer DSC-7.

Table I Characteristics and Properties of the Various Starches or Maltodextrins

Characteristic or Property

Starch Source

PN MD2 MD6 MD10 MD20 MD30

Water (% 6 0.4%) 17 10 9 9 9 9
Amylose (% 6 4%) 27 11 6 0 0 0
Higher saccharides (mg/g 6 5%) 1000 980 950 930 870 800
Maltotriose (mg/g 6 2%) 0 15 35 40 75 110
Maltose (mg/g 6 2%) 0 5 15 25 40 65
Glucose (mg/g 6 2%) 0 0 0 5 15 25
Mz (kg/mol 6 15%) 183,500 3450 1000 940 42 32
Mw (kg/mol 6 5%) 88,500 630 360 170 91 29
Mn (kg/mol 6 20%) 4500 140 61 33 7 1

The amylose content was calculated on the basis of the complex of long chain amylose with LPC as described in the section
“Differential Scanning Calorimetry.” The amounts of saccharides, maltotriose, maltose, and glucose were taken from the product
data sheets as supplied by Avebe. The average molecular masses ( z-average, Mz; weight average, Mw; number average, Mn) were
determined as described in the section “Molecular Mass Determination.”
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The gelatinization and melting endothermic tran-
sitions, Tgs, and amylose contents were obtained
as described previously.12

Polarized Light Microscopy

The extruded granulates and compression-
molded sheets were sliced and viewed at a mag-
nification 340 with an Axioplan Universal Micro-
scope. Photographs were taken using the MC100
camera accessory.

X-Ray Diffractometry

Wide-angle X-ray diffraction patterns were mea-
sured using a Philips powder diffractometer
(model PW3710) and crystallinity was calculated
and expressed as described previously.11,12,45

Molecular Mass Determination

The starch samples were dissolved in 1M sodium
hydroxide (4 mg/mL). Molecular masses were de-
termined as described previously.12 Because of
the time-dependent partial molecular breakdown
of starch in sodium hydroxide, special care was
taken in the dissolution method. All samples were
sieved (size , 125 mm) and identical amounts of
the powders in the aqueous sodium hydroxide
were stirred with a magnetic stirrer for exactly
20 h before measurements. The calculated molec-
ular masses should not be interpreted as highly
accurate absolute values but as a good indication
of changes in molecular masses due to composi-
tion and processing.

Moisture Determination

Because of the tendency of the starch plastic
sheets to absorb or desorb water, care was taken
to measure the water content immediately before
testing. The samples were ground under cryo-
genic conditions. The water content of the powder
(1.0 g, size , 125 mm) was determined gravimet-
rically with an Infrared dryer (Sartorius MA40 at
95°C).

Stress-Strain Analysis

A model 4310 Instron universal testing machine,
operated at a crosshead speed of 10 mm/min and
1 kN, was used for tensile measurements. Dumb-
bell specimens were cut, according to the ISO
1184-1983 (E) standard, from the sheets immedi-
ately following compression molding and storage.
Four to six replicates of each material were aver-

aged. The sheet thickness varied slightly and
sample dimensions were corrected individually.
The tensile stress at peak or tensile stress (i.e.,
maximum load) was calculated on the basis of the
original cross-sectional area of the test specimen,
by the equation: s 5 F/A, where s was the tensile
stress, F was the force, and A was the initial
cross-sectional area. The percentage strain or
elongation («) was calculated on the basis of the
length of the narrow parallel portion, by the equa-
tion: (l 2 l1)/l1 3 100%, wherein l was the distance
between the gauche marks (in mm) and l1 was the
length of the narrow parallel portion (i.e., 33 mm),
which is related to the original gauge length, l0,
by l0/l1 5 25/33. The elastic modulus (E-modulus)
was determined as the initial slope of the stress-
strain curve. The measurements were performed
at room temperature.

RESULTS AND DISCUSSION

Structure of the Starch-Based Granulates
after Extrusion Processing

Some typical HPSEC-MALLS measurements
(shown as molecular mass distributions), of na-
tive potato starch, an extruded starch plastic ma-
terial, and a maltodextrin (MD2), are shown in
Figure 1. The weight average molecular mass,
Mw, of native potato starch is 88.5 6 4.5 MDa.
The addition of the maltodextrins (5% w/w) re-
duces the Mw to approximately 84 6 4 MDa.
Because of the large differences between the
molecular masses of potato starch and the mal-

Figure 1 Some typical molecular mass distributions
of starch materials as measured with HPSEC-MALLS.
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todextrins (see Table I), the addition of the mal-
todextrins does not result in a large change in
weight average molecular mass. Because of the
addition, a bimodal molecular mass distribution
is obtained of a large fraction of a high molec-
ular mass polymer and a small fraction of a low
molecular mass polymer with differences in mo-
lecular masses and amount of oligomers (mal-
totriose, maltose, etc.) and monomers (glucose).
After extrusion processing the Mw of the mate-
rial containing solely native potato starch
(PN1) but also the materials, which were mixed
with the maltodextrins, dropped to approxi-
mately 40 6 5 MDa. The reduction of molecular
mass is due to the high shear and high temper-
ature applied during processing.8 –12 The molec-
ular mass determination was not accurate
enough to discriminate between the expected
differences as a function of maltodextrin source
between the various extruded materials.

The amylose content of native potato starch is
approximately 27 6 4%. The amylose content of
the MD30 starch, compared with native potato
starch, is 0%. Therefore, the amylose contents of
the mixtures are only slightly lower. The amylose
content of the mixture of 95% PN1 and 5% MD30
(i.e., PN30) is 26 6 4%. The amylose content after
extrusion processing is not significantly reduced.
The amylose contents are 25 6 3 and 23 6 4 %,
respectively, for the material composed of 100%
PN1 and PN30. Therefore, it can be concluded
that the molecular breakdown during extrusion is
for the major part due to the breakdown of the
amylopectin fraction.

With polarized light microscopy the extruded
materials were studied vs. the type of maltodex-
trin added. The amounts of intact granules, iden-
tified by the typical birefringence of granular po-
tato starch, and granular remnants increased in
the extruded starch materials in the series native
starch (PN1), PN2, PN6, PN10, PN20, and PN30.
The estimated amount (by measuring the area of
the granular remnants vs. total area) of granular
remnants was between 5 and 10% (w/w).

In Figure 2, the diffractograms are shown of
the extruded materials as a function of the type of
maltodextrin added. A typical pattern was seen of
an almost amorphous, semicrystalline polymeric
material. The overall crystallinity was less than
10% (w/w). Two types of crystal structures were
identified: the typical amylose single helical
structure denoted as Vh-type (19.5°; 2 3 u), and
the double helical structure known as B-type
(16.8°; 2 3 u).43 The amount of Vh-type crystals,

formed after recrystallization of amylose after de-
structurization or plasticization of the granular
starches, decreased linearly {Hc/Ht [at 19.5° (2
3 u)] from 0.22–0.1} with decreasing molecular
mass and increasing amount of oligosaccharides
of the maltodextrins added. At the same time the
amount of B-type crystallinity increased from 3 to
14% relative to native potato starch.45 The re-
duced shear or changed viscosity, due to the in-
creased amount of maltodextrins or oligosaccha-
rides, could explain this observation.46 As a re-
sult, the destructurization of the starch granules
would be less as was shown by the presence of
more intact granules and granular remnants by
light microscopy. No discrimination could be
made between residual granular B-type crystals
and recrystallized B-type crystals on the basis of
powder diffraction. However, most likely the in-
crease in the amount of B-type crystals could be
explained by the presence of nonmolten granules
and granular remnants, as observed by micros-
copy, and therewith residual B-type crystallinity
which is in accordance with previously reported
data.47,48

Influence of Molding Temperature and Starch
Composition on the Structure of the Starch Sheets

In Tables II and III, the structural differences
and the mechanical (stress-strain) properties are

Figure 2 X-ray diffractograms of the extruded starch-
plastic materials with different maltodextrins added.
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shown for materials processed at various temper-
atures and conditioned at 30–40% and 70–80%
RH, respectively. Two types of materials were
studied, denoted as PN1 and PN30. The struc-
tural and stress-strain properties of the influence

of starch composition and water content after con-
ditioning are summarized in Table IV.

In Table II the results are tabulated of the PN1
starch plastic materials with a relatively small
starch molecular mass distribution (composed of

Table II The Structural and Stress-Strain Properties of Compression-Molded Starch Sheets
Composed of Solely (100%) Potato Starch, PN1 (w/w on the Basis of Starch)

Tmelting

(°C)

Structural Parameters Stress-Strain Properties

Crystallinity
(Type)a

Amylose
Content (%) Mw (MDa)

Stress at Peak
(MPa)

E-Modulus
(GPa)

Elongation
(%)

30–40% RH, 6.5% water, Tg 5 660°C
100 Vh 22 35 6 5 22 1.02 3
120 Vh 24 28 6 8 25 0.99 4
140 Vh 20 25 6 4 29 0.99 5
160 Vh 21 27 6 4 37 0.99 6
180 (Vh), (Eh) 19 18 6 3 36 1.03 6
200 Eh 12 0.5 6 0.4 16 1.05 3

70–80% RH, 11.1% water, Tg 5 630°C
100 (Vh) 22 35 6 5 12 0.58 4
120 Vh, (B) 24 28 6 8 15 0.64 4
140 Vh 20 25 6 4 16 0.60 5
160 Vh 21 27 6 4 17 0.58 6
180 (Vh), Eh 19 18 6 3 17 0.53 7
200 Eh 12 0.5 6 0.4 5 0.18 27

a Crystal type between parentheses means that only a low amount is present.

Table III The Structural and Stress–Strain Properties of Compression-Molded Starch Sheets
Composed of PN30, 95% PN1, and 5% MD30 (w/w on the Basis of Starch)

Tmelting

(°C)

Structural Parameters Stress-Strain Properties

Crystallinity
(Type)a

Amylose
Content (%)

Mw

(MDa)
Stress at Peak

(MPa)
E-Modulus

(GPa)
Elongation

(%)

30–40% RH, 6.4% water, Tg 5 660°C
100 Vh, (B) 21 35 6 5 20 1.00 4
120 Vh, (B) 22 30 6 7 25 1.00 5
140 Vh 19 35 6 4 25 0.90 7
160 Vh 19 30 6 3 27 0.88 7
180 (Vh), (Eh) 21 4 6 3 24 0.98 6
190 Eh 17 1 6 2 12 0.99 4

70–80% RH, 11.8% water, Tg 5 630°C
100 Vh, B 21 35 6 5 11 0.51 4
120 Vh, (B) 22 30 6 7 12 0.49 5
140 Vh 19 35 6 4 12 0.42 7
160 Vh 19 30 6 3 11 0.38 18
180 (Vh), (Eh) 21 4 6 3 8 0.26 63
190 Eh 17 1 6 2 4 0.10 69

a Crystal type between parentheses means that only a low amount is present.

2212 VAN SOEST AND KORTLEVE



solely native potato starch). The materials condi-
tioned at 30–40% RH had a water content (w/w
on the basis of dry matter) of 6.5 6 0.2%. The Tg
of these glassy materials was approximately 60
6 5°C. The materials stored at 70–80% RH had a
water content of 11.1 6 0.3%, which resulted in a
Tg of approximately 30 6 5°C. The DSC thermo-
grams showed very broad glass-to-rubber transi-
tions of more than 20–30°C, which could indicate
the presence of a rather heterogeneous polymeric
matrix.

In Table III the results are tabulated of the
PN30 starch plastic materials with a relatively
high amount of low molecular mass starch and
saccharides (composed of native potato starch and
5% maltodextrins, MD30). The PN30 containing
materials conditioned at 30–40% RH had a water
content of 6.4 6 0.4% (w/w on the basis of dry
matter). The Tg of these glassy materials was
approximately 60 6 5°C. The materials stored at

70–80% RH had a water content of 10.8 6 0.3%,
which resulted in a Tg of approximately 30 6 5°C.
Because of the inaccurate DSC data, no signifi-
cant differences were detected in Tg as a function
of starch composition, although for the (rubbery)
materials stored at 70–80% RH, there was a
slight trend of decreasing Tg with increasing
amount of malto-oligosaccharides.

With the aid of polarized light microscopy it
was shown that the compression-molded mate-
rials showed less birefringence, characteristic
of intact native starch granules, than the ex-
truded materials. The amount of intact gran-
ules and partially disrupted granular rest
structures (remnants) decreased with increas-
ing molding temperature. Above 140°C no bire-
fringence was observed. No significant differ-
ences were observed anymore as a function of
starch composition, in contrast with the ex-
truded granulates.

Table IV The Influence of Molecular Mass on the Structure and Properties of Compression-Molded
Starch Plastic Sheet Conditions at Various Humidities

Starch
(Code)

Structural Parameters Thermal and Stress-Strain Properties

Crystallinity
(Type)a

Mw

(MDa)
Mn

(MDa)
Tg

(°C)
Stress at

Peak (MPa)
E-Modulus

(GPa)
Elongation

(%)

35–40% RH, 7.6 6 0.2% water
PN1 Vh 27 12 55 33 0.89 9
PN2 Vh n.d. n.d. 57 30 0.96 9
PN6 Vh n.d. n.d. 51 23 0.92 7
PN10 Vh n.d. n.d. 52 18 0.90 7
PN20 Vh n.d. n.d. 55 17 0.95 9
PN30 Vh 30 11 54 15 1.07 9

55–65% RH, 9.7 6 0.2% water
PN1 Vh 27 12 45 23 0.87 5
PN2 Vh n.d. n.d. 40 25 0.87 5
PN6 Vh n.d. n.d. 46 21 0.88 4
PN10 Vh n.d. n.d. 33 19 0.77 5
PN20 Vh n.d. n.d. 37 20 0.87 5
PN30 Vh 30 11 40 19 0.81 5

75–80% RH, 12.2 6 0.5% water
PN1 Vh 27 12 28 9.5 0.32 44
PN2 Vh n.d. n.d. 30 10 0.35 42
PN6 Vh, (B) n.d. n.d. 27 8.7 0.30 33
PN10 Vh, (B) n.d. n.d. 24 6.9 0.24 30
PN20 Vh, (B) n.d. n.d. 20 6.2 0.19 40
PN30 Vh, (B) 30 11 19 4.7 0.08 79

The various low molecular mass starches or maltodextrins (5% w/w on the basis of starch) were added to obtain differences in
molecular mass and molecular mass distribution.

n.d., not determined.
a Crystal type between brackets means that only a low amount is present.
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In Figure 3, several typical X-ray diffracto-
grams are shown of the materials compression
molded at different temperatures and conditioned
for 14 days at 75% RH. The molded materials
showed a pattern characteristic of a semicrystal-
line polymeric material. The materials showed
less B-type crystallinity (as indicated by the char-
acteristic peak at a diffraction angle 2 3 u of
16.8°) after compression molding compared with
the extruded materials. Above a molding temper-
ature of 120°C no residual B-type crystallinity
was observed. This concurs with the fact that the
starch granular structures were completely disin-
tegrated as observed with microscopy. The crys-
tallinity of the materials measured directly after
compression molding was compared with the
crystallinity of the aged materials. No significant
changes were observed due to retrogradation.
Retrogradation or recrystallization of especially
amylopectin is still limited and unlikely to occur
because the materials are above or close to the
glass-to-rubber transition.49

Single helical-type amylose crystallinity was
observed identified as Eh-type and Vh-type.42,43

The relative amount increased with increasing
molding temperature. These structures are due to

recrystallization of amylose after melting of the
starch granules. Above 180°C the formation of the
Eh-type is preferred over the Vh-type structure.
No clear differences in crystallinity were seen
between the materials containing 5% of the vari-
ous maltodextrins and the molded PN1 materials
without the presence of malto-oligosaccharides.

From Tables II and III it is shown that molec-
ular breakdown occurred because of the thermo-
mechanical processing at higher temperatures
(180–200°C). The materials showed a yellow-
brownish discoloration above 180°C. The amylose
content is not significantly reduced due to com-
pression molding between 120 and 180°C com-
pared with the amylose content of native potato
starch. The amylose content was approximately
22 6 2%. Above 180°C the amylose content is
significantly reduced to 17% at 190°C and 12% at
200°C, respectively. No significant differences
were observed between amylose contents as a
function of composition (see Table IV). With the
aid of HPSEC-MALLS, it was also shown that
molecular breakdown of the amylopectin fraction
occurred during thermomechanical processing.
Although the breakdown was relatively small, be-
tween 120 and 160°C, a significant reduction was
measured at molding temperatures between 180
and 200°C as is shown in Figure 4. It was not
clear if the sharp decrease in molecular mass at
high temperatures was related to the formation of
Eh-type structures (see Fig. 3). There were no

Figure 4 Influence of molding temperature on molec-
ular mass of starch plastics composed of PN1 (Œ) and
PN30 (■).

Figure 3 X-ray diffractograms of the molded starch-
plastic materials after extrusion and compression
molding at different temperatures.
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significant differences in the number and weight
average molecular masses of the various starch
sheets with differences in composition molded at
160°C (see Table IV). However, it has to be said
that the measured average molecular masses only
reflect the differences in the starch polymeric or
high molecular mass fraction and not the differ-
ences in malto-oligosaccharides. Clearly, the
amount of oligosaccharides increased within the
series, PN1, PN2, PN6, PN10, PN20, and PN30.

Influence of Molding Temperature on the
Stress-Strain Properties of the Sheets

The molded starch materials showed typical
stress-strain behavior of starch-based plastics as
reported previously.12,17,19,47 The materials stored
at 30–40% RH showed the typical brittle fracture
characteristic of a glassy starch material stored be-
low the glass-to-rubber transition. The glassy ma-
terials had an elastic modulus of approximately
0.8–1 GPa. No significant differences were observed
as a function of processing temperature or starch
composition. The tensile stress (or stress at peak)
showed a dependence of processing temperature
and of starch composition as shown in Figures 5 and
6. The tensile stress and elongation of the potato
starch (PN1) materials increased from 22 MPa and
3% (at 120°C) to a maximum of 37 MPa and 6% (at
160°C) and subsequently decreased to 16 MPa and
3% (at 200°C), respectively, for the stress and elon-
gation. A similar profile was seen for the maltodex-
trin containing molded material. The tensile stress
and elongation of the maltodextrin starch materials
increased from 20 MPa and 4% (at 120°C) to a
maximum of 27 MPa and 7% (at 160°C) and subse-
quently decreased to 12 MPa and 4% (at 190°C),
respectively, for the stress and elongation. A re-
markable difference was seen because the tensile
stress at the optimum (at 160°C) was significantly
lower for the maltodextrin materials. Besides this,
the drop in tensile stress was more pronounced for
the maltodextrin materials.

Many of the materials stored at approximately
the glass-to-rubber transition showed a brittle
fracture with elongations in the range of 4 to 7%.
The small differences are mainly due to the inac-
curacy of the measurements (standard deviations
of several percents are observed). For brittle ma-
terials, small inhomogeneities due to local differ-
ences in processing conditions in the materials
could possibly be the reason for the differences in
elongation.48 However, no real structural evi-
dence could be found yet to substantiate this as-

sumption. With increasing molding temperature,
a more ductile behavior was observed. The stress-
strain profiles showed tearing, i.e., a slower frac-
turing process. For the native potato starch (PN1)
materials without maltodextrins, this process
was only observed at molding temperatures above
180°C. For the maltodextrin materials, the
changes in stress-strain behavior were more
gradual and pronounced. The slower fracturing
resulted in an increased elongation: 27% at 200°C
and 69% at 190°C for the native starch and mal-
todextrin materials, respectively. Again, the ten-
sile stress of the native starch materials had a
maximum at 180°C, although the value was rel-
atively low (17 MPa). The maximum value of the
maltodextrin materials was approximately 12
MPa. A decrease in E-modulus was measured
with increasing molding temperature. The effects
on the maltodextrin materials were more gradual

Figure 5 Influence of molding temperature on the
tensile stress (a) (in the legend is the Tg shown between
brackets), E-modulus (b), and elongation (c) of PN1 (Œ,
‚) and PN30 (■, h) materials after compression mold-
ing.
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whereas the elastic moduli were somewhat lower.
The E-moduli and tensile stresses were lower
compared with the molded materials stored at
30–40% RH. The lower elastic moduli, tensile
strengths, and increased elongations were char-
acteristic features of a polymeric material being
plasticized through its glass-to-rubber transition.

The somewhat lower E-moduli and tensile
stresses of the PN30 materials could be (partly)
due to the higher water content of the PN30 ma-
terials compared with the PN1 materials (11.8 vs.
11.1%). The influence of water content on the PN1
and PN30 materials molded at 160°C is shown in
Figure 7. No significant differences in the influ-
ence of water in stress-strain behavior were ob-

served. Remarkable is the sharp increase in elon-
gation at approximately 11–12% water, whereas
the change in tensile strength and elastic modu-
lus is more gradual.

Influence of Maltodextrins on Stress-Strain
Properties of Starch Sheets

In Table IV the structural differences and the
mechanical (stress-strain) properties are shown
for materials extruded with various types of mal-
todextrins (5% w/w on the basis of starch) added
to native potato starch (95% PN1) at constant
temperature, 160°C. Some typical differences are
illustrated in Figure 6. After compression mold-
ing, these materials were conditioned at three
humidities, 35–405, 55–65%, and 75–80% RH,
respectively, and subsequently studied. The influ-
ence of water content is clearly shown. The brittle
glassy materials (water contents were 7.6 and 9.7
%, respectively) showed no dependence of the
elastic modulus and elongation with starch com-
position. The tensile strength of the glassy mate-
rials decreased slightly with increasing amount of
malto-oligosaccharides. The ductile more rubber-
like materials (water content is 12.2%) showed a
decrease of both the tensile strength and elastic
modulus with increasing amount of malto-oligo-
saccharides. Also the elongation was dependent
on starch composition. A minimum was obtained
for the PN10 material. However, some caution
has to be taken with drawing conclusions from

Figure 6 Influence of maltodextrin source on me-
chanical properties of starch plastic materials compres-
sion molded at 160°C. Tensile stress (a), E-modulus (b),
and elongation (c).

Figure 7 Influence of water content after storage on
the mechanical properties of compression-molded (T
5 160°C) plastic materials.
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this because of the large variations in elongation
(.20%).

DISCUSSION

There are several reasons that could account for
the differences in structural and mechanical
properties of the starch-based plastic sheets. Be-
low, the effects of processing temperature, starch
composition, and water content (after condition-
ing), in relation with structure and the resulting
mechanical properties, will be discussed in more
detail.

Effects on Morphology and Structure

Processing temperature had a pronounced effect
on the degree of destructurization, plasticization,
or melting of both granular starch and amorphous
starch, as was also shown previously.37,47,48 Sim-
ilar effects were observed for compression-molded
materials processed with different water con-
tents.19,20 The degree of melting/destructuriza-
tion of the granular potato starch was shown in
this work to be a function of the type of maltodex-
trin added. The addition of the maltodextrin re-
sulted in differences in the composition of the
amylose, high molecular mass starch, and saccha-
rides. Remarkable was the fact that an increasing
amount of saccharides and amorphous maltodex-
trin led to an increase in the amount of granular
remnants and B-type residual crystallinity of the
extruded granulates and at the same time less
recrystallized V-type amylose. Despite the pres-
ence of an increased amount of amorphous low
molecular mass starch and saccharides (which
can be considered as starch plasticizers as shown
by several DSC studies), the destructurization
process was less effective. During compression
molding, further melting of the extruded granu-
lates, containing some granular remnants and
residual B-type crystallinity, led to almost com-
plete plasticization of the starch materials with
almost no differences due to maltodextrin type.
Above 130°C no residual B-type crystallinity was
observed, due to the complete melting of the gran-
ular crystallinity. The differences in recrystalliza-
tion, due to amylose, were clearly related to pro-
cessing temperature. However, no differences
could be observed due to the variations in compo-
sition of the maltodextrins. Starch molecular
mass decreased due to the thermomechanical pro-
cessing, both extrusion and molding. The amylose

content and amylopectin molecular mass de-
creased with increasing processing temperature.

In the molded starch plastics, destructuriza-
tion and melting (plasticization) was performed
at relatively high shear conditions and tempera-
tures, and with limited water, the latter hinder-
ing starch granule swelling and disintegration
and starch chain mobility.38–40 An increase in
processing temperature is expected to lead to an
increase in starch chain mobility. Starch chain
mobility determines the degree of starch plastici-
zation and the formation of chain-chain interac-
tions and entanglements and therewith the re-
sulting semicrystalline network structure and the
mechanical properties.19 Furthermore, in the
case of starch processed at high temperatures, in
particular above 160°C, significant starch molec-
ular breakdown occurred which would lead to a
rapid change in mechanical properties.12,21

Influence of Water Content

With increasing water content, a decrease in elas-
tic modulus and tensile stress was observed. This
change was accompanied by an increase in elon-
gation. At low water contents, the elastic modulus
has a plateau region which is mainly determined
by chain flexibility and chain-chain interactions
such as H-bridging and dipolar interactions.50,51

In amorphous polymers, chain segments are ori-
ented at random. Even in semicrystalline poly-
meric materials, such as starch plastics, amor-
phous layers or regions exist. During preparation
or processing, highly disordered structures are
formed, lowering the modulus. This certainly ac-
counts for starch-based materials in which the
flexibility of the amylose chains and in particular
the short outer chains of amylopectin during plas-
ticization of the granular structures plays an im-
portant role in the height of the E-modulus pla-
teau.

Usually the modulus drops more steeply at the
glass transition region, which is characteristic of
a polymer being plasticized through its glass-to-
rubber transition. In the case of starch-based
plastics, the changes in elongation, modulus, and
tensile stress were shown to be more gradual.
These broad transitions are in agreement with
the broad glass transition trajectories as mea-
sured by DSC. The sharpness of the changes in
stress-strain properties seemed to be dependent
on plasticizer type as was shown previously.12–14,16

The maltodextrin materials contain an increasing
amount of oligosaccharides, with a chain length of
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less than 20 glucose units, which have an additional
plasticizing effect.32 The Tg effects are not large
because of the limited amount of malto-oligosaccha-
rides compared with starch and the other plasticiz-
ers, water and glycerol.

Influence of Maltodextrin Type

For ductile materials (with a Tg of approximately
room temperature or 19–30°C), the Tg is slightly
lowered with increasing amount of malto-oligo-
saccharides. As expected, the E-modulus and ten-
sile stress are lowered and the elongation is in-
creased. The intrinsic glass transition is lower
compared with starch and thus the maltodextrins
act as plasticizers, lowering the Tg of the materi-
als. This effect will increase with increasing
amount of oligosaccharides in the maltodextrins.

Remarkable was the lowering of the tensile
stress of the glassy-ductile materials (Tg 33–57°C)
with increasing amount of malto-oligosaccha-
rides, whereas no significant changes were ob-
served in E-modulus for the glassy-ductile mate-
rials. With increasing amount of malto-oligosac-
charides and lower molecular mass starch, the
strength of the plastics is lowered. This is proba-
bly related to the broad glass transition trajecto-
ries, which results in a very gradual change in
tensile stress. It seems that the tensile stress is
more sensitive to slight changes in malto-oligo-
saccharides and molecular mass of low molecular
mass starches than the E-modulus. Likely, this is
due to the fact that the entanglement density is
slightly lowered and therewith the strength of
ductile starch plastic materials. The E-modulus
reaches a plateau which is only determined by the
Tg and thus by the fact that the starch chains in
the glassy state are immobile. The height of the
plateau is mainly determined by the rigidity of
the polymer chains, and starch-starch and starch-
plasticizer interactions, such as H-bonding.50,51

CONCLUSIONS

Variations in processing or molding temperature,
in starch or maltodextrin composition and in wa-
ter content were responsible for differences in
morphology and crystallinity, molecular mass
and glass-to-rubber transition temperature of
starch-based plastic sheets. The starch-based
sheets consisted of a complex semicrystalline
visco-elastic polymeric material. The differences

in maltodextrin compositions resulted in pro-
nounced effects on the stress-strain behavior.
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